and related compounds have attracted much attention because of its extraordinary dielectric behavior. The ceramic samples were first found to have a gigantic dielectric constant (K, up to 10 4 ) independent of frequency and temperature in the range of DC-10 5 Hz and 100-600 K, dropping steadily down to about 100 at 10 6 Hz and then remaining constant until high frequency ~10 9 Hz [1, 2] . A giant value of 10 5 was later reported in a CCTO single crystal; yet twin and domains still existed [3] .
Usually, a large dielectric constant results from atomic displacements in a non-centrosymmetric structure near its phase transition temperature, e.g. in a ferroelectric. However, CCTO is of body-centered cubic perovskite structure, no deformations associated with dipole formation and no soft modes in the phonon spectra down to 35 K [4, 5] have been noted. In addition, the values of the dielectric constant seem to be dependent upon the preparation methods and post treatments of the ceramic samples [6, 7] . Many experiments on thin-film single crystal samples only had values about 100 [8] . In addition there is a group of single crystal and polycrystalline metal oxide samples with rock salt and fluorite structures, such as MnO, CoO [9] , ZrO 2 , and HfO 2 [10] , which exhibit high dielectric constants K ~ 25-40. Extensive theoretical studies, including first principles calculations and lattice dynamics, have been performed on ZrO 2 and HfO 2 , and the results agreed well with experiments.
A similar approach was applied to CCTO, the sub-IR frequency dielectric constants were estimated to be at most 70-80 [11, 12] when using the effective charges, static dielectric constant, and optical frequencies calculated from lattice dynamics of a perfect crystal. This is smaller than the high frequency dielectric constant, thus it is vital to examine the structural details of the samples.
Several proposals have been put forward that the high dielectric constant of CCTO could originate from the creation of barrier layer capacitances at twin boundaries [1, 3] , or at the interfaces between grains and grain boundaries [13, 14] , or between the sample and the electrodes [2, 15] . Currentvoltage measurements show that the grain boundaries in the ceramics samples play an important role in the CCTO electrical properties [16] . We have made an effort to characterize the temperature dependence of the permittivity and impedance of CCTO [14, 17] . We found that all these compounds have similar dielectric and electric behavior; i.e. they are insulators and all have large dielectric constants, though perhaps not as high as that of CCTO. In all these compounds we detected a Debye-like relaxation in the permittivity and frequency-dependent current/voltage measurements with dielectric constants independent of the temperature and frequency over a wide range. In the impedance frequency-dependent voltage/current measurements, we observed some evidence for two electric responses with very different intensity and response frequencies. One relates to the semiconducting grains and the other insulating grain boundaries that we ascribed to the Maxwell-Wagner relaxation of the interfacial polarization. These are due to oxygen deficiency occurring at the regions between grains and grain boundaries that generates the detected Debye-like relaxation and large dielectric constants.
Based on the impedance and scanning electron microscopy (SEM) studies (Figure 1 ), we suggested [14, 17] a shell-core model where the ceramic samples consist of semiconducting grains partitioned from each other by poorly insulating grain boundaries. To establish this model as a source of the extraordinary dielectric behavior, we combined x-ray diffraction and high-pressure techniques [18] and found the ceramic CCTO samples behaved differently under the hydrostatic and uniaxial compression condition, which we explained in terms of the same model as samples being composed of grains with shells stiffer than the cores. Recently, a study [19] utilizing x-ray spectroscopy techniques provided another support to this scenario, and a new high-K material K x Ti y Ni 1-x-y O was also well described using the insulating grain boundary model [20] .
What now needs to be explored is the nature of the lowlying excitations of the microstructures in these high-K materials. This would offer us clues to unravel the origin the extraordinary dielectric behavior: it is well known that low-temperature specific heat data provides information for different elementary excitations of the ground state. The specific heat data can contain several independent contributions, such as electronic, magnetic ordering contributions, and lattice vibrations that are derived from dispersion relations. The latter contributions are conventionally separated into two parts: the Debye and Einstein modes [19, [21] [22] [23] ] that relate to two issues of key interest pertinent to this study. First, at the interface region of the grain boundaries, it was proposed that there may exist corrugated phonon modes with an elementary excitation spectrum behaving as ω ~ k 2 , where ω and k are the frequency and wavevector, respectively. This mode was used to portray bending motion of the long-chain molecules [24] , and bond angle vibration in the Cu-O plane of high T c superconductors [25] due to the corrugation that the z coordinates of O and Cu are different, the z direction being perpendicular to the Cu-O planes, that is the Cu-O planes are not flat. Furthermore, there was a report that grain boundary layers of samples are Ti-rich and Cu-poor [19] , in effect that would lead to a structure deviating from the perfect cubic lattice of CCTO then rendering the boundary layers to corrugate. Hence we anticipate it would offer a basis for the stiff insulating grain boundaries that are capable of sustaining large amounts of charge and facilitating the giant dielectric constant at low frequency region. Hence this mode could be used to support the existing theories [13] [14] [15] and profound features would emerge in the LTSH data. Second, low-lying optical modes caused by the lattice defects during fabrication might assist us in exploring the nature of those reasonably high dielectric constants in the higher frequency region (10 6 -10 9 Hz), which are about 100 or higher [11, 12] . Because the evaluation of the sub-IR dielectric constant requires a summation of all the optical modes, especially those low energy localized modes, it is conceivable that these values would be enhanced as we could identify those low-lying modes caused by defects.
In this work, we performed low-temperature specific heat (LTSH) studies of CCTO and two other high-K compounds, from 0.6 to 10 K. Of the three high-K compounds, Bi 2/3 Cu 3 Ti 4 O 12 contains 1/3 of vacancies while La 0.5 Na 0.5 Cu 3 Ti 4 O 12 is a mixture of equal amounts of La and Na ions, at the sites originally occupied by Ca ions in CCTO. These polycrystalline samples were prepared by heating mixed stoichiometric amounts of the oxides CaCO 3 , CuO, and TiO 2 for CCTO or Na 2 CO 3 , La 2 O 3 , Bi 2 O 3 when fabricating other compounds in an oxygen atmosphere at 1000 °C for 30 h and with intermediate grinding.
The final samples were ground into powder and verified to be in a single phase by Scintag PADV powder x-ray diffractometer. The LTSH C(T) was measured by using a 3 He heat-pulsed thermal relaxation calorimeter [21] [22] [23] whose essential method of calculating the heat capacity is to reach the thermal equilibrium of the sample and background in less than a characteristic time following the applied heat pulse. In Figure 2 , we present the specific heat data C(T) of Figure 1 . SEM image of the CCTO sample. Notice the grains are of the size of few microns, determined by using a JOELJSM840A scanning electron microscope set at 5 kV. The sample surfaces were gold-coated prior to examination. our samples after subtracting the addenda contribution determined from a separate measurement. In order to classify different contributions in the LTSH data, we fit the data by using the equation C(T) = C hyp + C linear + C lattice [26] , where C hyp is the hyperfine contribution (~1/T 2 ) appearing in the lowest temperature region and is caused by the interaction between the crystal field and nuclear magnetic moments, such as those from Cu (A = 63) with 69% abundance and magnetic moment 2.2 µ B . C linear is a linear T term normally originating from the free electrons, and C lattice = C D + C E corresponds to Debye and Einstein modes, where C D = βT 3 + δT 5 includes a linear frequency dispersion at low energy and an anharmonic term of lattice vibration, where β depends on the Debye temperature and atom number per unit cell, and might contain the contribution of the antiferromagnetic magnon with Neel temperature T N ~ 25 K, because they have the same temperature dependence of specific heat. Moreover, C E is caused by the low-lying dispersionless optical modes given as C E = D(T E /T) 2 2 , where D relates to the Einstein temperature T E and number of Einstein modes per unit cell. In Tables 1 and 2 , we listed the acceptable fits: the parameters are positive, within a reasonable range and the standard deviations (SD) are small.
exp(T E / T)/[exp(T E /T) -1]
Since the three samples studied share similar characteristics, we choose to focus first on the CCTO results. After careful examination, we noticed two interesting features: (1) the appearance of Einstein modes at a low-temperature range T < 5 K and (2) the manifestation of a linear term in this good insulator (~0.45 MΩ cm at room temperature [11] , similar for other reports and samples). Starting by analyzing the LTSH data using known contributions, we found that it was impossible to omit C E and C linear . The standard deviation for the best fit 16.30 could be obtained without incorporating linear and Einstein terms. But after we added C E , SD decreased immediately to 0.46. Then by adding C linear , values of the standard deviation dropped down to around 0.3. In Figure 2 , the entire low-temperature (0.6-10 K) specific heat data is shown together with the best fit including all the contributions. Later, in order to evaluate the relative merits between C hyp , C D , and C E contributions, we present the data as following: in Figure 3 , we notice that in the plot of C(T)T 2 versus T 3 in the lowest temperature region from 0.6 to 1.5 K, we observe clearly that C hyp + C linear Table 2 . Best fitting parameters (same formula as Table 1 ) for the three high-K compounds. describes the data better than C hyp + C D (cubic term only). Finally, when combining the three terms, we reached a satisfactory agreement. Then in Figure 4 , we plotted C(T)/ T versus T 2 from 1.5 to 5 K. We would like to emphasize that C E starts to rise above C linear + C D around 3-4 K. Thus, from the above analysis, we deduce that there are other excitations on top of the Debye term that originate from the conventional acoustical modes. We know well the linear T term used to connect with the conduction electrons; however, CCTO is identified to be a good insulator. However, we observe sharp x-ray patterns that indicate our samples are in single phase, we thus correlate this linear T term in the low-temperature specific heat data with the corrugated phonon modes located at the grain boundaries as proposed earlier; and we deduce that the samples are composed of grains with tough shells that can be regarded as quasi-two-dimensional lattices. These corrugated phonon modes constitute the linear T term in the specific heat data. In addition, we find this picture matches with many existing theories [14, 17, 18] . Similar phenomena were reported in C 60 studies [27] , which were attributed to the disordered induced localized state but not a special feature in its excitation spectrum. Usually, the Einstein term is related to the low-lying optical modes. According to the previous studies [11, 12] , optical mode frequencies for the cubic phase CCTO ranged from 125 to 560 (cm -1 ), so they are much higher than those observed in our specific heat data, in which the Einstein term started to appear about 3-4 K, around 2-5 (cm -1 ). Thus, these modes are not generated from lattice vibrations of a perfect solid; rather they are expected to arise from local defects at the grain boundaries caused by oxygen deficiency inside the grains, which are produced during the heating process. Hence including these modes would increase the high frequency dielectric constants and provide an insight into the high dielectric constant at higher frequency as we expected.
In order to demonstrate that the above studied low-lying excitations are common in many similar materials, LTSH measurements and analysis of high-K materials such as La 0.5 Na 0.5 Cu 3 Ti 4 O 12 and Bi 2/3 Cu 3 Ti 4 O 12 were carried out and compared with those of CCTO in Table 2 . We notice that contributions from the linear term are prominent in all the samples; CCTO is the smallest among them. This may imply that its grain boundary shell is the thinnest, and their Einstein temperatures T E are of the same order of magnitude; yet CCTO is the largest among them, at this point it is our belief that more studies are needed to develop a reliable theory.
In conclusion, we present low-temperature specific heat studies on the giant dielectric constant material CCTO from 0.6 to 10 K. Clear indications of linear and Einstein term contributions were observed on top of the commonly detected Debye term that originated from the conventional acoustic phonons. We examined the data at different ranges, 0.6-1.5 K and 1.5-5 K, separately to stress their contributions. Similar results were obtained for other high-K materials such as La 0.5 Na 0.5 Cu 3 Ti 4 O 12 , Bi 2/3 Cu 3 Ti 4 O 12 , and two distinct batches of CCTO with different oxygen pressure and baking temperatures, with only few per cent changes in the fitting coefficients. We found two main features in the low-temperature specific heat data: there are linear and Einstein contributions. We have reason to believe that the linear contribution to the specific heat at low temperatures is caused by the corrugated phonon modes. These phonon modes lead to stiff grain boundaries that are capable of holding large amounts of charge, hence facilitating the observed low frequency high dielectric constants. Whereas the Einstein contributions suggest that the effects from the low energy optical modes, generated due to imperfections, is non-trivial and in turn provides an explanation for the origin of the high frequency high dielectric constants. Thus, combined with the previous theoretical and experimental studies on the electronic and mechanical properties of CCTO and the related high dielectric constant compounds, we put forward a phenomenological model consistent with many current theories that, in addition to the material, the microstructure and the associated elementary excitations are endemic to the high dielectric constant behavior. 
